In an open-field search task, pigeons (Columba livia) were trained to search for a goal located at the midpoint of the hypothetical line connecting two discrete visual landmarks positioned 60 cm apart. In Experiment 1, global orienting cues were absent. After reaching training criteria, pigeons were tested with novel interlandmark distances. Search location and error on test trials suggested pigeons learned relative distance. In Experiment 2, a global orienting cue was present. After reaching training criteria, pigeons were again tested with novel interlandmark distances. Results suggested pigeons learned relative and absolute distances. In Experiment 3, pigeons searched at the midpoint of rotated arrays in both the presence and absence of an orienting cue indicating learning of relative direction. In Experiment 4, pigeons searched in the appropriate goal direction when presented with a single landmark in the presence of the orienting cue but not in its absence indicating learning of absolute direction. Results implicate a stable frame of reference as critical to spatial coding strategies and suggest pigeons are able to code location based on absolute and relative distance and direction from discrete visual landmarks.
One of many problems encountered by navigating animals is returning to a previously visited location. The ability to return to a previously visited location allows for navigation between known locations and increases an animal's chance for procurement of food and other resources. To accomplish this task, many mobile animals appear to rely on landmark-based navigation. Landmarkbased navigation is the process of determining a position and orientation by using objects in the environment (Gallistel, 1990) .
Over the years, a variety of animals have been tested in numerous landmark-based search tasks (e.g., ants [Collett, Dillmann, Giger, & Wehner, 1992] ; bees [Cheng, Collett, Pickhard, & Wehner, 1987] ; fish [Braithwaite, Armstrong, McAdam, & Huntingford, 1996] ; birds [Cheng, 1989] ; mammals [Spetch & Parent, 2006] ). Although evidence suggests that many of these animals code location based on metric spatial relations (Gallistel, 1990) , species differences have also emerged with respect to the underlying mechanisms (for a review, see Healy, 1998; Shettleworth, 1998) . For example, some species have been shown capable of learning absolute metric information (e.g., pigeons [Columba livia] Cheng, 1989), whereas others have been shown capable of learning relative metric information (e.g., humans [Homo sapiens] Spetch & Parent, 2006) . These interspecies differences in the type of metric information extracted from landmark arrays raise empirical and theoretical questions regarding the learning abilities of animals.
In the present article we focus on the pigeon. The pigeon, a noncaching species, is an interesting subject for comparative purposes, due to its cognitive and behavioral similarities and differences with avian caching species. In addition, a substantial amount of literature has accumulated on pigeon spatial abilities (e.g., Cheng, 1988 Cheng, , 1989 Cheng, , 1990 Cheng, , 1994 Cheng & Sherry, 1992; Cheng & Spetch, 1995; Spetch, Cheng, & MacDonald, 1996; Spetch et al., 1997; Spetch, Cheng, & Mondloch, 1992; Spetch & Edwards, 1988; Spetch & Mondloch, 1993; Spetch & Wilkie, 1994 ; for a review, see Cheng, Spetch, Kelly, & Bingman, 2006) . The majority of this work suggests that pigeons rely almost exclusively on absolute spatial information (for a review, see Cheng, 1995; Cheng & Spetch, 1998) . For example, if previously trained to locate a goal in the presence of an individual landmark, pigeons will shift the peak of their search distribution in a direction and approximate distance equivalent to that of the landmark shift (Cheng, 1989 (Cheng, , 1990 (Cheng, , 1994 , and if trained to locate a goal in the center of a landmark array composed of identical landmarks, pigeons will search at an absolute distance from one of the individual landmarks composing the array during horizontal, vertical, and/or diagonal expansions of the array (Spetch et al., 1996 (Spetch et al., , 1997 . Although it is suggested that the configuration of a landmark array can be used for the identification of an individual landmark within the array, a process termed landmark matching, search location is encoded as absolute distance and direction from the identified landmark, a process termed search-place matching (for a review, see Cheng & Spetch, 1998) .
In contrast to pigeons, nutcrackers (Nucifraga columbiana, a caching species) have been shown to determine location relative to multiple landmarks via a process termed the multiple-bearings hypothesis . Specifically, the multiplebearings hypothesis suggests that animals encode directional information from multiple landmarks to a goal location which is then defined by the intersection of these multiple bearings. Any error in encoding and/or recalling these multiple bearings will result in a zone of uncertainty defined by the area of the polygon formed by the intersection of each bearing. Recently, the multiple-bearings hypothesis has received empirical support. Specifically, search error has been shown to decrease when the number of landmarks present increases (Kamil, Goodyear, & Cheng, 2001) and when a goal is located inside as opposed to outside a landmark array (Gibson & Kamil, 2001 ). In addition, evidence exists to suggest that nutcrackers learn relative distances and directions from landmark arrays and are capable of forming geometric rules by using this previously acquired geometric information (Kamil & Jones, 1997) . A geometric rule is defined as "a method of solution based on distance and directional relationships that could be used with a variety of landmark configurations, particularly novel configurations" (Kamil & Jones, 2000, p. 439) . Specific geometric rules include halfway, quarter way, constant distance, and constant bearing.
We focus in some detail on the halfway or "middle" rule, as the prior research forms the basis for the present experiments. Kamil and Jones (1997) trained nutcrackers to search for buried food placed at the midpoint of a two landmark linear array. Distance between the landmarks (interlandmark distance) was varied from trial to trial, but the goal always remained equidistant from, and along the hypothetical line connecting, both landmarks. Error in search from the goal was used to determine accuracy. Training interlandmark distances included 20 to 120 cm in increments of 20 cm. The nutcrackers readily learned the training interlandmark distances in 90 trials within 20 cm of search error. However, the nutcrackers may not have used the middle rule in locating the goal as they may have memorized an absolute vector from each landmark at each trained interlandmark distance. Therefore, novel interlandmark distances ranging from 30 to 110 cm in 20 cm increments were presented during testing to distinguish between these two strategies. Performance during presentations of novel interlandmark distances was equivalent to performance during training, which suggested that nutcrackers formed and used a relative geometric rule.
Recently, however, learning of a geometric middle rule by nutcrackers has been criticized on the basis that such a task can be solved by using vector-averaging strategies (Biegler, McGregor, & Healy, 1999) . The first type of vector-averaging strategy assumes that nutcrackers learn a landmark-goal vector from each landmark that is the mean of the landmark-goal distances experienced during training. When presented with a novel interlandmark distance, these mean landmark-goal vectors are used to compute self-goal vectors. The average of the computed self-goal vectors will always specify the midpoint between the landmarks as the resulting search location. The second type of vector-averaging strategy assumes that nutcrackers learn separate landmark-goal vectors from each landmark for each training interlandmark distance. When presented with a novel interlandmark distance, the two training interlandmark distances closest to this novel distance are used to compute self-goal vectors. The average of the computed self-goal vectors will always specify the midpoint between the landmarks as the resulting search location. Such strategies would erroneously appear like geometric rule learning because they would also result in searches at the midpoint and produce transfer to novel interlandmark distances. It is important, however, that although these vector-averaging strategies specify the same search location as a middle rule, they produce different search error patterns. Differentiating between search strategies requires the presentation of interlandmark distances outside the range of training. At extrapolated novel interlandmark distances, vector-averaging predicts increased search error relative to training, whereas a middle rule predicts equivalent search error relative to training (Biegler et al., 1999) .
To address these competing explanations, Kamil and Jones (2000, Experiment 2) again trained nutcrackers on the middle rule search task with interlandmark distances of 38 to 98 cm with increments of 20 cm. During testing, the birds were presented with novel interlandmark distances within (i.e., interpolated distances, 48, 68, and 88 cm) and beyond (i.e., extrapolated distances, 28 and 108 cm) the trained interlandmark distances. Nutcrackers performed with an error amount similar to training distances on both interpolated and extrapolated interlandmark distances, thus supporting the view that they had formed a general geometric middle rule. Jones (1997, 2000) also suggested that two processes were involved in successfully solving the middle rule search task: (a) directional determination -locating the hypothetical line connecting the landmarks, and (b) distance determination -locating the correct location along that line. Evidence for the two separate processes emerged as north-south (NS) error (error parallel to the line connecting the landmarks) increased linearly with increased interlandmark distance, whereas, east-west (EW) error (error perpendicular to the line connecting the landmarks) remained constant across increased interlandmark distance. The process of locating the line connecting the landmarks may be independent of the process of locating the correct location along that line, as direction and distance error may result from two separate processes . Distance error may follow the psychophysical principle of Weber's Law in that error increases linearly as a function of the to-be-judged distance, whereas direction error remains constant at all landmark-goal distances.
Many documented differences in spatial ability exist between caching and noncaching aves (e.g., Brodbeck, 1994; Brodbeck & Shettleworth, 1995; Clayton & Krebs, 1994) , and differences with respect to geometric rule learning are no exception. Despite evidence for geometric rule learning with both pigeons and jackdaws (Jones, Antoniadis, Shettleworth, & Kamil, 2002) , results have revealed these noncaching aves not only perform less accurately than their caching counterpart (nutcrackers), but also do not show preferential weighting of direction over distance information. Specifically, no differences were found between NS and EW errors for pigeons or jackdaws as interlandmark distance increased. In addition, pigeons have shown no differences in an ability to learn landmark-goal relationships based on distance or direction (Spetch, Rust, Kamil, & Jones, 2003) . In contrast, nutcrackers have shown an increase in NS error but not EW error as interlandmark distance increases (Kamil & Jones, 1997) , as well as an ability to learn directional tasks faster than distance tasks (Jones & Kamil, 2001) .
However, more recently, evidence has emerged to suggest that the use of bearings from multiple landmarks shown by nutcrackers may be applicable to pigeons as well (Sutton, 2002) . Specifically, Sutton trained pigeons with two unique configurations of four landmarks in an apparatus that blocked access to external orientation cues. Each configuration was assigned its own goal location with respect to the landmarks. During food-absent trials pigeons concentrated their searches at the goal location appropriate for the individual configurations. Such an outcome indicated that pigeons were relying on the landmark configuration itself as an indication of the location of the goal. Further tests with displacements of single landmarks within the configuration did not disrupt search accuracy, indicating that pigeons must have encoded distance and direction from multiple landmarks. Sutton suggested that pigeons may have been using the same (or a similar) multiple landmarkto-goal bearings mechanism as suggested by for nutcrackers.
In summary, it appears that nutcrackers code goal location with respect to multiple landmark-goal bearings (relying primarily on this direction information as predicted by the multiple-bearings hypothesis, ) and learn relative distances and directions from landmark arrays. In contrast, definitive evidence is lacking that pigeons code a goal location with respect to multiple landmarks, and little evidence exists to suggest that pigeons use relative direction or distance strategies. The notable exceptions have occurred in enclosed apparatuses devoid of external cues (e.g., Gray, Spetch, Kelly, & Nguyen, 2004; Kelly & Spetch, 2001; Sutton, 2002) or training with multiple exemplars (Jones et al., 2002) .
As with any cross-species comparisons, procedural factors may play a prominent role in these obtained differences between pigeons and nutcrackers. Specifically, few studies investigating spatial cognition in the pigeon have controlled for cue availability within the experimental environment. Such control seems especially important given that a stable frame of reference may influence spatial coding strategies (Gray & Spetch, 2006; Kelly & Spetch, 2001) . For example, the presence of external orientation cues allows a goal location to be coded in terms of absolute distances and directions (i.e., coded without respect to the landmarks). As attention to landmarks is critical for learning relative spatial information, the absence of such orientation cues (including informative environmental geometry), may force pigeons to code both the distance and direction of the goal location relative to both landmarks. As a result, the present experiments were designed to test pigeon spatial cognition both in the presence and absence of a stable frame of reference by manipulating external reference cues and eliminating informative geometry in an effort to (a) determine the influence of a stable frame of reference on pigeon spatial coding strategies, (b) determine whether pigeons can code goal location with respect to multiple landmarks, (c) determine whether pigeons can weight direction over distance, and (d) determine whether pigeons can rely on relative distance and directional information. Experiments 1 and 2 investigate distance learning in the presence and absence of a stable frame of reference and Experiments 3 and 4 investigate direction learning in the presence and absence of a stable frame of reference.
Experiment 1
Experiment 1 investigated the influence of external orientation cues in spatial strategy formation. Specifically, we investigated pigeons' ability to code goal location with respect to multiple landmarks, their ability to weight direction over distance, and their ability to rely on relative distance and directional information. Pigeons were trained in a bisection search task with a single exemplar of distance in the presence of two landmarks in an impoverished environment devoid of global orienting cues and informative geometry. An ability to solve the task in the absence of global orienting cues and informative geometry should result either from learning an absolute distance from both (or one) landmarks (absolute distance) or relative distance between the landmarks (relative distance). As a result, testing with novel expanded and contracted interlandmark distances will serve to indicate spatial strategy. Specifically, search should either remain at the midpoint of novel expanded and contracted interlandmark distances (relative distance) or shift north and/or south of the midpoint along the hypothetical line connecting the landmarks (absolute distance).
Method Subjects
Pigeons. Four adult White Carneaux pigeons (Columba livia) aged 3 to 6 years were used as subjects. The pigeons had varying amounts of experience in same/different and/or matching-tosample touch-screen tasks but no experience within the arena search task. One bird was dropped from the study because of difficulties during pretraining. Pigeons were maintained at approximately 85% of their free-feeding weight throughout the duration of the experiment. Pigeons were housed in individual cages with constant access to grit and water. The colony room was on a 14:10 light:dark cycle, and overhead lights were illuminated from 0500 -1900. Pigeons were tested 4 -6 days per week with two sessions per day (one morning and one afternoon session). The morning session occurred between 0500 and 0800, and the afternoon session occurred between 1600 and 1900.
Apparatus
Arena. Pigeons were tested in a hexadecagon-shaped arena (see Figure 1) . The arena floor was 150 cm (length) ϫ 150 cm (width) ϫ 14 cm (height). The arena ceiling was 150 cm (length) ϫ 150 cm (width) ϫ 5.08 cm (height) and suspended over the center of the arena floor. The arena floor and ceiling were painted matte gray and coated with gloss. Eight individual white vinyl curtains, each 186 cm (length) ϫ 96 cm (width), were affixed to the outside of the arena and attached to the arena floor and ceiling via Velcro in an overlapping fashion. Each side of the arena was numbered 1-16 clockwise and could serve as an entrance or exit. A Cartesian grid was marked on the arena floor so that individual cells measured 5 cm ϫ 5 cm. The arena floor was covered with approximately 5 cm of Purgrain Fortified Pigeon Grit (Moyer & Sons Inc., Souderton, PA). The arena was illuminated by 16 circular 10-W halogen lights 5.4 cm in diameter (Portfolio, Model 59209) that were equidistantly arranged in a circle with a diameter of 76.2 cm from the center of the ceiling (see Figure 1 , bottom panel). Industrial casters were attached to the underside of the arena which allowed rotation of the entire apparatus with respect to the experimental room. A digital video camera (Sony, Model DCR-TRV22) was centered above the arena and mounted so that the lens was flush with the inside of the ceiling. The camera was connected to a personal computer (Dell Latitude C640, Model PP01L). A dustpan was used to smooth grit between trials. A white noise generator centered above the outside ceiling of the arena was used to mask background noise (68 dB at ground level). A fully enclosed return box, 40.5 cm (length) ϫ 32.5 cm (width) ϫ 40.5 cm (height), with a guillotine door at each end was painted matte gray and coated with gloss. A small flashlight (Rayovac, Model SPSL2AA-B) was mounted externally above the return box ceiling to provide illumination to a centered food well, 2 cm (length) ϫ 4.5 cm (width) ϫ 0.5 cm (depth), located in the rear of the return box.
Stimuli. Two pieces of PVC pipe each measuring 5 cm in diameter and 40 cm in height were used as landmarks. Both landmarks were painted red. Landmarks were always placed in a linear array that was oriented north and south with respect to the camera view on the Cartesian grid.
Procedure
Home-cage training. Pigeons were initially trained to eat mixed grain from a small, white, cylindrical, plastic container (3.3 cm in diameter and 3.2 cm in height) in their home cages and from the food well when the light was illuminated in the return box. Pigeons were also trained to shuttle into the baited return box when the light was illuminated. Once pigeons were reliably eating from the plastic container and shuttling into the return box from their individual home cages, preliminary training began.
Preliminary training. Pigeons were familiarized with the arena for two days with two sessions of six trials per day. For the first session of Day 1, pigeons entered the arena and retrieved two kernels of corn from the inside of the plastic container which was placed completely above the substrate. The location of the container varied randomly from trial to trial. Beginning with Trial 1 of Session 2, the kernels and the sides of the container were progressively covered with substrate until only the top of the container was visible. Starting on Session 3 (i.e., Day 2) the kernels and container were covered with substrate so that only the top of the container was visible.
Training. Training consisted of two daily sessions (one morning and one afternoon session) of six trials (total of 12 daily trials). As numerous birds (Wiltschko & Wiltschko, 1996) including pigeons (Mora, Davison, Wild, & Walker, 2004) are sensitive to geomagnetic fields, the entire apparatus was rotated to one of four randomly determined positions (0°, 45°, 90°, or 135°) with respect to the experimental room prior to each trial. As a result, any use of constant geomagnetic fields for orientation would be rendered useless with respect to the landmark array. Only four rotations were used with respect to the experimental room because a linear two-landmark array, composed of landmarks of identical shape and color, displays radial symmetry. As a result, a specific orientation and its 180°rotation were not only visually indistinguishable but also ambiguous with respect to any single magnetic field. In addition, prior to each trial, a goal location was quasi-randomly determined by generating an X and Y coordinate on the Cartesian grid. Next, one randomly selected landmark was placed 30 cm north (N) while the other landmark was placed 30 cm south (S) of the goal location. Hence, the interlandmark distance was 60 cm, and the goal was always located at the midpoint of the hypothetical line connecting the two landmarks.
Pigeons were transported individually from their home cages in an opaque container to the darkened experimental room containing the arena. The arena lights were turned off until each trial began. Prior to the start of each trial, an attempt was made to disorient subjects by rotation for 1 min (12 rotations per minute) to eliminate the possibility of inertial navigation/orientation (Sutton & Figure 1 . External picture of the arena (top panel). Schematic of the arena ceiling as seen from the floor of the apparatus (bottom panel). Schematic is not to scale. Shettleworth, 2005) . For each trial, one of the 16 arena sides was randomly selected as the entrance point, the subject was placed into the arena from this location, the curtain was closed, and the arena lights were illuminated. Training trials continued until the goal location was found, 60 searches had been made, or 5 min had elapsed. A search was defined as the occurrence of the pigeon's beak contacting the substrate. At the end of each trial, the arena lights were extinguished, the baited return box was placed at a randomly selected arena side, the return box light was illuminated, and pigeons exited the arena by entering the return box.
Trials with the container visible continued for four sessions. Starting with the fifth session, two quasi-randomly selected container-visible trials were replaced with container-invisible trials in which the container was completely covered with substrate for both daily sessions. Food was present on all trials. During the first 12 container-invisible trials, if the goal location was not found within the allotted time or number of searches, the lights were extinguished, the container was made visible, the lights were illuminated, and the pigeon was allowed to find the goal location. Training continued until search behavior met the criteria of three successive six-trial blocks with a mean search error (calculated as described below) Յ 30 cm on container-invisible trials and the goal was found on at least 6 out of the last 12 trials. Upon reaching these criteria, another container-invisible trial was added to each daily session until search behavior met the criteria of three consecutive six-trial blocks with a mean search error Յ25 cm and the goal was found on at least 8 out of the last 12 trials. Upon reaching these criteria, a warm-up goal-visible trial was added prior to the start of both daily sessions, the other six trials for both daily sessions were converted to container-invisible trials, and two randomly selected food-present trials were replaced with food-absent (and container-absent) trials. This training continued until search behavior met the following three criteria: (a) no statistical difference in search error between the last 12 food-present trials and the last 12 food-absent trials, (b) three successive six-trial blocks with a mean search error Յ20 cm collapsed across these 24 trials, and (c) at least 10 of the last 12 trials resulted in successful location of the goal. Once these food-absent criteria had been met, testing began.
Testing. Testing consisted of two blocks of six sessions each. Each session consisted of a container-visible warm-up trial prior to the presentation of four food-present container-invisible training trials, one food-absent training trial (baseline), and one foodabsent transfer trial. The trial location of the food-absent trials was quasi-randomly determined within each session. For each transfer trial, one novel interlandmark distance was randomly selected until each novel interlandmark distance had been presented. The two novel interlandmark distances used in the first Block were 40 cm and 80 cm. Upon completion of the first Block, a second test was conducted. Block 2 was conducted identically to Block 1 with the exception that the novel interlandmark distances used were 20 cm and 100 cm.
Determination of search locations. Search locations were determined using a procedure similar to that used by Jones et al. (2002) . Each trial was viewed frame-by-frame through a custom videograph system. The videograph system allowed the recording of an east-west (EW) and north-south (NS) coordinate for the goal and search locations. During training, the coordinates for the first five searches of food-present container-invisible and food-absent trials were subtracted from those of the goal location and converted to centimeters. During testing, the coordinates for all 60 searches for both baseline and transfer trials were subtracted from those of the goal location and converted to centimeters. An average was then taken of the absolute coordinate values. In addition, the NS and EW errors were used to determine total search error using the Pythagorean Theorem.
Results

Training
All pigeons completed training in less than 100 containerinvisible/food-absent trials. These trials were divided into six-trial blocks. Search error decreased across trial blocks by an average of 36.42 cm indicating that search behavior came under the control of the landmarks. This result was confirmed by a repeated measures analysis of variance (ANOVA) on mean search error with Block (1-15) 1 as a factor and revealed a main effect, F(14, 238) ϭ 6.22, p Ͻ .001, 2 ϭ .27. Search error during training was also parsed into EW error (error perpendicular to the hypothetical line connecting the landmarks) and NS error (error parallel to the hypothetical line connecting the landmarks). 
Testing
Three separate analyses were used collectively as converging evidence to determine search strategy during testing: (a) search location, (b) search error on baseline and transfer, and (c) search error on EW and NS axes plotted across interlandmark distance.
Search location. Searches on test trials in both the EW and NS axes were analyzed. Specifically, they were coded into 10-cm bins and defined with respect to whether they were allocated to an area specified as middle (i.e., 0 cm) or other (i.e., Ϯ 10 cm, Ϯ 20 cm, Ϯ 30 cm, Ϯ 40 cm, Ϯ 50 cm) for the EW axis or middle (i.e., 0 cm) or absolute (i.e., Ϯ 10 cm, Ϯ 20 cm) for the NS axis. For all subsequent analyses, chance was calculated as the probability of responding to a particular defined area. For example, the probability of responding to the area specified as middle was 1/11 ϭ .09, and the probability of responding to the area specified as other was 10/11 ϭ .91. In the EW axis, pigeons allocated 24% of their total responses to the middle area, and this was more than would be expected by chance, 2 (1, N ϭ 2133) ϭ 593.63, p Ͻ .001. In the NS axis, pigeons allocated 52% of their total responses to areas defined as middle and absolute, and as confirmed by a chi-square test, pigeons allocated more responses than would be expected by chance (44%) to the middle area, 2 (1, N ϭ 1119) ϭ 53.18, p Ͻ .001. Figure 3 (top panel) shows the spatial distribution of searches collapsed across interlandmark distances and pigeons. The search distribution is centered at the goal location (0, 0), and frequency of searches is indicated by color. Figure 3 also shows the frequency of searches in the EW (bottom left panel) and NS (bottom right panel) axes plotted by distance from the midpoint collapsed across interlandmark distances and pigeons. In the presence of novel interlandmark distances, responding remained concentrated at the midpoint (i.e., 0 cm) in both axes.
Search error: Baseline and transfer. Search was concentrated at the area defined as middle in both the EW and NS axis, and this suggests use of relative distance. However, performance on transfer compared to that of baseline was also of primary interest. Specifically, equivalent mean search error on baseline and transfer would provide evidence that pigeons had learned a relative dis- tance (geometric middle rule) between the landmarks; whereas, differences in performance on baseline and transfer trials would indicate use of a vector-averaging strategy. Baseline performance (M ϭ 19.4 cm, SEM ϭ 1.33) was equivalent to transfer performance (M ϭ 22.8 cm, SEM ϭ 1.65), and this result was confirmed by a repeated measures ANOVA on mean search error with Type (baseline, transfer) as a factor which did not reveal a main effect, F(1, 11) ϭ 3.18, p Ͼ .10, 95% C.I. for the difference ϭ Ϫ7.70 to 0.81. Search error: EW versus NS axes. Search error during testing was parsed into EW and NS error for each interlandmark distance. Figure 4 shows mean EW (top panel) and NS (bottom panel) search error for each pigeon (unfilled symbols) and averaged over pigeons (filled symbols). Search error in the EW axis remained constant across interlandmark distance; however, search error in the NS axis increased linearly with increased interlandmark distances. These results were confirmed by a two-way repeated measures ANOVA on mean search error with Axis (NS, EW) and Interlandmark Distance (20 cm, 40 cm, 60 cm, 80 cm, 100 cm) as factors which revealed a main effect of Interlandmark Distance, F(4, 32) ϭ 9.79, p Ͻ .001, 2 ϭ .55, and a significant interaction, F(4, 32) ϭ 13.61, p Ͻ .001, 2 ϭ .63. Custom contrasts comparing mean search error at each interlandmark distance in each axis were performed to isolate the source of the interaction, and results are shown in Table 1 . As shown, error in the EW axis remained relatively constant across interlandmark distances, whereas error in the NS axis increased with increased interlandmark distance.
Discussion
Pigeons were able to solve the search task and learned to locate the goal with relatively high frequency and accuracy. The fact that pigeons searched at or near the goal location on food-absent trials provides tentative evidence that pigeons coded multiple landmarkgoal bearings as suggested by the multiple-bearings hypothesis. Specifically, in an environment devoid of orienting cues and informative geometry, pigeons would have been unable to solve the task had they not been able to code direction with respect to both landmarks. As great care was taken to eliminate or render useless all other known sources of orientation information, it is unlikely that some orientation cue other than the landmarks themselves were used by pigeons for accurate goal localization. Evidence that the goal location was coded with respect to both landmarks is critical, as an inability to attend to both landmarks would necessarily prohibit learning of relative distance and direction.
During initial training trials, pigeons were more accurate in the EW axis than the NS axis. This result is consistent with an interpretation that pigeons were learning a geometric rule based on relative distance and direction, as it suggests that two separate processes were involved in successfully solving the middle rule search task: (a) directional determination -locating the hypothetical line connecting the landmarks, and (b) distance determination -locating the correct location along that line (Kamil & Jones, 1997 , 2000 . Seemingly, pigeons were engaging in these separate processes during initial acquisition, which suggests that they may have been learning a relative relationship between the two discrete landmarks from the onset of training. Accordingly, in the presence of novel interlandmark distances, search location was concentrated at the midpoint and search error was equivalent to baseline error, which is also consistent with the notion that pigeons learned to search at a relative distance between the landmarks.
As only one interlandmark distance was presented during training, a vector averaging strategy predicts differences in search error on novel interlandmark distances (Biegler et al., 1999) . Thus, the present results are inconsistent with a vector-averaging explanation of search performance. The present results are consistent with those previously reported with both nutcrackers (Kamil & Jones, 1997 , 2000 and pigeons (Jones et al., 2002; Spetch et al., 2003) suggesting the learning of a geometric rule that is unbound by specific aspects of the landmark or landmark configuration. Finally, search error in the EW axis remained relatively constant across interlandmark distances whereas search error in the NS axis increased with increased interlandmark distances. Such differences suggest that pigeons relied on directional information over distance information. Although this result is in contrast to previous results with pigeons (Jones et al., 2002) , it is consistent with results obtained with nutcrackers (Jones & Kamil, 2001 ). The most likely explanation for obtaining such results with pigeons is related to the nature of the arena. In the absence of external or inertial reference cues, landmarks served as the only source of directional information, and, given these circumstances, pigeons were forced to attend to direction over distance information to successfully locate the goal.
Perhaps, most surprisingly, pigeons transferred to novel interlandmark distances despite the presentation of a single exemplar of distance during training. Although pigeons (Jones et al., 2002) , nutcrackers (Kamil & Jones, 1997 , 2000 Jones et al., 2002) , and jackdaws (Jones et al., 2002) have been shown capable of learning geometric rules, the learning of these relative relationships has been attributed to multiple exemplar training with discrete landmarks, but other examples of single-exemplar training in the spatial domain have occurred. Specifically, training with a single exemplar of environmental geometry has been shown to produce relational learning on multiple occasions (e.g., Gray et al., 2004; Kelly & Spetch, 2001 ). Although such differences in performance may be the result of differences in spatial information extracted from landmark arrays and environmental geometry (for a review, see Cheng & Newcombe, 2005) , the present results suggest that this difference may be the result of procedural factors. Such a hypothesis concerning the critical role of procedural factors such as orienting cues in spatial strategies is consistent with recent studies that have found relational learning after single-exemplar training when eliminating orienting cues (Gray et al., 2004; Kelly & Spetch, 2001) . Not surprisingly, others have argued for the importance of orienting cues in spatial coding (Gray & Spetch, 2006; Kelly & Spetch, 2001 ). For example, Gray and Spetch suggested that ". . .the availability of external cues may be an important determinant of how spatial information is coded" (p. 478).
In summary, the present experiment used an extremely impoverished environment by eliminating or rendering useless numerous orientation cues usually present in previous studies of pigeon spatial cognition. This was done by enclosing the entire arena, eliminating global orienting cues, rotating the apparatus between trials, rotating subjects prior to each trial, randomly selecting entrance and exit points, and using an array with ambiguous radial symmetry. The result was to either eliminate or render useless experimental room cues, apparatus cues, magnetic cues, environmental shape, subjective inertial cues, and entrance or exit cues for determining orientation. Unlike numerous studies in which these types of orienting cue were held constant (e.g., Kamil & Jones, 1997 , 2000 Jones et al., 2002; Spetch et al., 1996 Spetch et al., , 1997 , the present study eliminated cues other than the landmark array for orientation. Presumably, in the absence of these external orientation cues pigeons were unable to form a stable frame of reference and, as a result, were unable to code the goal location in absolute terms. Thus, presence or absence of a stable frame of reference (as provided by an orienting cue) may be especially influential in determining how pigeons code spatial location.
Experiment 2
The results from Experiment 1 implicate the importance of numerous parameters involved in spatial coding strategiesespecially relative spatial coding strategies. These include experimental room cues, apparatus cues, magnetic cues, environmental shape, subjective inertial cues, and entrance or exit cues. The purpose of Experiment 2 was to provide a stable frame of reference by introducing a select few of the orienting cues absent in Experiment 1 to determine their influence in spatial coding. If the manipulated parameters are critical in providing a stable frame of reference, then the same subjects who showed evidence of relational learning (relative coding) in Experiment 1 may show itemspecific learning (absolute coding) under these modified environmental conditions.
Method
Subjects, Apparatus, and Stimuli
The same three pigeons used in Experiment 1 served as subjects in Experiment 2. Pigeons were housed and maintained as in Experiment 1. The apparatus was the same as used in Experiment 1 with the exception that a black stripe (180 cm in length ϫ 32 cm in width) was painted directly onto the curtain behind the north entrance/exit (side 9). As a result, the black stripe served as a cue indicating north within the experimental apparatus. Stimuli were the same as those used in Experiment 1 except that one landmark was painted yellow and the other blue. The yellow landmark was always placed 30 cm north of the goal location, and the blue landmark was always placed 30 cm south of the goal location. Landmarks were given distinct colors so that the array itself would also serve as an unambiguous source in determining orientation.
Procedure
Preliminary training and training. Preliminary training and training were conducted following the same specifications as those used in Experiment 1 with two exceptions. First, prior to each trial, the entire apparatus was rotated to one of eight randomly determined positions (0°, 45°, 90°, 135°, 180°, 225°, 270°, 315°) with respect to the experimental room. The additional four positions not used in Experiment 1 (i.e., 180°, 225°, 270°, 315°) were required as an array with two distinct landmarks no longer exhibits ambiguous radial symmetry. Second, side 1 which was located directly opposite the orienting cue served as both the entrance and exit point for all trials. Thus, subjects entered and exited the apparatus from the same location for the duration of Experiment 2.
Testing. Testing was conducted identically to that of Experiment 1. Determination of search locations. Search locations were determined as described in Experiment 1.
Results
Training
All pigeons completed training in the minimum number of container-invisible/food-absent trials (i.e., 72). These trials were divided into six-trial blocks. Figure 5 shows mean search error for each pigeon (unfilled symbols) and averaged over pigeons (filled symbols) across six-trial blocks. Search error remained stable and below the 20-cm training criterion across trial blocks. This result was confirmed by a repeated measures ANOVA on mean search error with Block (1-12) as a factor and revealed no main effect, F(11, 187) ϭ 1.07, p Ͼ .3.
Testing
As in Experiment 1, three separate analyses were used collectively as converging evidence to determine search strategy during testing: (a) search location, (b) search error on baseline and transfer, and (c) search error in EW and NS axes plotted across interlandmark distance.
Search location. Searches on test trials in both the EW and NS axes were analyzed. Specifically, they were coded into 10-cm bins and defined with respect to whether they were allocated to an area specified as middle (i.e., 0 cm) or other (i.e., Ϯ 10 cm, Ϯ 20 cm, Ϯ 30 cm, Ϯ 40 cm, Ϯ 50 cm) for the EW axis or middle (i.e., 0 cm) or absolute (i.e., Ϯ 10 cm, Ϯ 20 cm) for the NS axis. In the EW axis, pigeons allocated 22% of their responses to the middle area, and this was more than would be expected by chance, 2 (1, N ϭ 2160) ϭ 448.26, p Ͻ .001. In the NS axis, pigeons allocated 58% of their total responses to these locations; however, a chisquare test failed to reveal that pigeons allocated more responses than would be expected by chance to either of the areas, 2 (1, N ϭ 1264) ϭ 0.07, p ϭ .79. Because pigeons may have been utilizing both strategies (relative and absolute) during testing in Experiment 2 the same analysis was conducted individually for Block 1 and Block 2. In Block 1, pigeons allocated 76% of their total responses to middle and absolute areas, and a chi-square test revealed that pigeons allocated more responses than would be expected by chance (38%) to the middle location, 2 (1, N ϭ 822) ϭ 9.66, p Ͻ .001. In Block 2, pigeons allocated 41% of their total responses to middle and absolute areas, and a chi-square test revealed that pigeons allocated more responses than would be expected by chance (72%) to the areas defined as absolute, 2 (1, N ϭ 442) ϭ 21.86, p Ͻ .001. Figure 6 (top panels) shows the spatial distribution of searches collapsed across pigeons and interlandmark distances for Block 1 (top left) and Block 2 (top right). Each search distribution is centered at the goal location (0, 0), and frequency of searches is indicated by color. Figure 6 also shows the frequency of searches in the EW (bottom left panel) and NS (bottom right panel) axes plotted by distance from the midpoint collapsed across pigeons and interlandmark distances. As shown, responding was concentrated at or near the midpoint (i.e., 0 cm) in the EW axis. In the NS axis, responses were concentrated at the midpoint in Block 1 and at the absolute locations (i.e., Ϯ 20 cm) in Block 2.
Search error: Baseline and transfer. Search was concentrated at the area defined as middle in Block 1, and this suggests continued use of relative distance. However, search was concentrated at the areas defined as absolute in Block 2, and this suggests learning of absolute distance. As a result, performance on transfer compared to that of baseline was also of interest. Specifically, equivalent performance on baseline and transfer would indicate continued use of relative distance whereas differences in performance on baseline and transfer trials would indicate learning of fixed distance from one or both landmarks. Figure 7 shows mean total distance error for baseline and transfer performance plotted by block collapsed across pigeons. As shown, baseline performance was equal to transfer performance in Block 1, but transfer performance was less accurate than baseline performance in Block 2. A two-way repeated measures ANOVA on mean total search error with Block (1, 2) and Trial Type (baseline, transfer) as factors revealed a main effect of Block, F(1, 5) ϭ 7.03, p Ͻ .05, 2 ϭ .58, a main effect of Trial Type, F(1, 5) ϭ 11.88, p Ͻ .05, 2 ϭ .7, and a significant Block ϫ Trial Type interaction, F(1, 5) ϭ 9.75, p Ͻ .05, 2 ϭ .66. Custom contrasts were performed comparing mean search error on baseline to transfer trials for each block. Baseline performance was not significantly different from transfer performance in Block 1 ( p Ͼ .05, 95% C.I. for the difference ϭ Ϫ9.08 to 4.21), but baseline performance was significantly different from transfer performance in Block 2 ( p Ͻ .01, 95% C.I. for the difference ϭ Ϫ19.79 to Ϫ5.27). Such a result is consistent with the chi-squares above and suggests that pigeons used relative distance in Block 1 and absolute distance in Block 2.
Search error: EW versus NS axes. Search error during testing was also parsed into EW and NS error for each interlandmark distance. Figure 8 shows mean EW (top panel) and NS (bottom panel) search error plotted by interlandmark for each pigeon (unfilled symbols) and averaged across pigeons (filled symbols). Search error in the EW axis remained constant across interlandmark distance whereas search error in the NS axis changed nonlinearly with increased interlandmark distances. These results were confirmed by a two-way repeated measures ANOVA on mean search error with Axis (NS, EW) and Interlandmark Distance (20 cm, 40 cm, 60 cm, 80 cm, 100 cm) as factors which revealed a main effect of Interlandmark Distance, F(4, 32) ϭ 10.77, p Ͻ .001, 2 ϭ .57, and a significant interaction, F(4, 32) ϭ 6.51, p Ͻ .01, 2 ϭ .45. Custom contrasts comparing mean search error at each interlandmark distance in each axis were performed to isolate the source of the interaction, and results are shown in Table 2 . As shown, error in the EW axis remained relatively constant across interlandmark distances, whereas error in the NS axis changed with changes in interlandmark distance.
Discussion
Despite the introduction of the orienting cue and novel landmarks, pigeons maintained relatively high levels of frequency and accuracy in locating the goal during training. Test performance indicated that search location was concentrated at the midpoint (i.e., 0 cm) in Block 1 but at the absolute locations (Ϯ 20 cm) in Block 2, and search error on baseline and transfer were not significantly different in Block 1 but were significantly different in Block 2. Thus, search location and search error indicate that pigeons used both relative and absolute distance (and perhaps direction) in the presence of the orienting cues.
Whereas relative distance was learned from the landmarks in the absence of orienting cues (i.e., Experiment 1), both relative and absolute distances were learned from the landmarks in the presence of orienting cues (i.e., Experiment 2). In combination, these data point to the importance of orientation cues in spatial strategy formation. Although other researchers have suggested the importance of cue availability in determining how spatial information is coded (e.g., Gray & Spetch, 2006; Kelly & Spetch, 2001 ), the present results specifically implicate a stable frame of reference as critical in coding distance in absolute terms. Specifically, as global orientation could have been determined from either the black stripe or entrance/exit cues, pigeons may have been able to maintain a stable frame of reference. Not surprisingly, absolute strategies have been shown to dominate in well-oriented search spaces (Spetch et al., 1996 (Spetch et al., , 1997 .
Given the conditions of Experiment 2, another important question arises concerning how pigeons coded direction. Specifically, it is unknown whether the pigeons coded direction in absolute or relative terms in an environment with a stable frame of reference. For example, pigeons could have coded goal direction using absolute bearings (i.e., direction was determined with respect to the orienting cue) or relative bearings (i.e., direction was determined with respect to the landmark array).
The source of the directional information can be revealed through rotational manipulations of the landmark array. If subjects were using the environment in determining directional information (absolute bearings), then rotations of the array (90°clockwise, 90°c ounterclockwise, and 180°) would no longer result in search concentrated at the midpoint along the hypothetical line connecting the landmarks. Instead, searches would be concentrated in the appropriate cardinal direction from one or both of the individual landmarks (i.e., north of the blue landmark and/or south of the yellow landmark). In contrast, if subjects were using array geometry to determine directional information (relative bearings), then rotations of the array would result in concentrated search along the hypothetical line connecting the landmarks. However, the possibility remains that pigeons would not rely exclusively on absolute or relative bearings and perform similarly to nutcrackers who showed evidence for use of absolute bearings with small (i.e., 90°c lockwise, 90°counterclockwise) rotations and relative bearings with a large (180°) rotation of the array (Kamil & Jones, 2000) .
Experiment 3
Experiment 3 was designed to determine whether pigeons relied on absolute and/or relative bearings by testing them with rotations of the landmark array. These rotational tests were conducted in both the presence and absence of the black stripe to explore the sources of the directional information and determine the influence of the orienting cue in the pigeons' spatial strategies. Specifically, during rotations of the array, the use of the stripe to determine bearings (absolute bearings) would not result in a concentration of searches along the hypothetical line connecting the landmarks but instead should result in a concentration of searches both north of the blue landmark and south of the yellow landmark. In contrast, the use of the landmark array to determine bearings (relative bearings) would result in the continued concentration of searches along the hypothetical line connecting the landmarks during rotations of the array. As a result, search location and error during rotations of the array should provide evidence for the use of absolute and/or relative bearings. 
Method Subjects, Apparatus, and Stimuli
The same three pigeons used in Experiments 1 and 2 served as subjects in Experiment 3. Pigeons were housed and maintained as in Experiments 1 and 2. The apparatus and stimuli were the same as used in Experiment 2 with the exception that the curtain containing the black stripe was replaced with a plain white curtain on test trials in which the cue was absent so that all curtains were identical.
Procedure
Testing. Upon completing Experiment 2, pigeons were immediately tested with three types of rotations of the array (90°c lockwise, 90°counterclockwise, and 180°) each presented in the presence and absence of the black stripe. As a result, there were a total of six unique combinations. Each combination was presented twice during testing for a total of 12 rotational test trials. Testing consisted of a container-visible warm-up trial prior to the presentation of four food-present training trials, one food-absent training (baseline) trial, and one food-absent test (rotation) trial. The trial location of the food-absent trials was quasi-randomly determined within each session. For each test trial, one of the six unique rotational combinations was randomly selected without replacement until each rotational combination had been presented. An interlandmark distance of 60 cm was used for all trials during Experiment 3 (including test trials).
Determination of search locations. Search locations were determined as described in Experiment 1.
Results
Testing
Search location. Searches on test trials in both the EW and NS axes were analyzed. Specifically, they were coded into 10-cm bins and defined with respect to whether they were allocated to an area specified as middle (i.e., 0 cm) or other (i.e., Ϯ 10 cm, Ϯ 20 cm, Ϯ 30 cm, Ϯ 40 cm, Ϯ 50 cm) separately for Stripe Present and Stripe Absent trials. Searches from NS axis in the 180°rotational tests were included with the EW axis data of the 90°clockwise and 90°counterclockwise data because during such a rotation the NS axis would be indicative of the source of directional information. Reciprocally, responses from the EW axis in the 180°rotational tests were included with the NS axis data of the 90°clockwise and 90°counterclockwise data because during such a rotation the EW axis would be indicative of the source of distance information.
In the EW axis in the presence of the stripe, pigeons allocated 38% of their responses to the middle location which was significantly more than would be expected by chance, 2 (1, N ϭ 1080) ϭ 1099.12, p Ͻ .001. In the EW axis, in the absence of the stripe, pigeons allocated 37% of their responses to the middle location which was significantly more than would be expected by chance, 2 (1, N ϭ 1080) ϭ 1009.38, p Ͻ .001. Figure 9 shows the spatial distribution of searches for each rotational test (i.e., 90°clockwise, 90°counterclockwise, and 180°) both in the presence (left column) and absence (right column) of the black stripe collapsed across pigeons. Search distributions are centered at the goal location (0, 0), and frequency of searches is indicated by color. Figure 10 shows the frequency of searches for each rotational test (i.e., 90°c lockwise, 90°counterclockwise, and 180°) both in the presence (left column) and absence (right column) of the black stripe collapsed across pigeons plotted by distance from the midpoint (in cm). Responding was concentrated at or near the midpoint of the array for all rotational tests.
In the NS axis in the presence of the stripe, pigeons allocated 32% of their responses to the middle location which was significantly more than would be expected by chance, 2 (1, N ϭ 1080) ϭ 705.47, p Ͻ .001. In the NS axis, in the absence of the stripe, pigeons allocated 29% of their responses to the middle location which was significantly more than would be expected by chance, 2 (1, N ϭ 1080) ϭ 526.49, p Ͻ .001 (refer to spatial distribution of searches in Figure 9 ). Figure 11 shows the frequency of searches for each rotational test (i.e., 90°clock-wise, 90°counterclockwise, and 180°) both in the presence (left column) and absence (right column) of the black stripe collapsed across pigeons plotted by distance from the midpoint (in cm). Responding was concentrated at or near the midpoint of the array for all rotational tests.
Search error. Although pigeons continued to search at the midpoint of rotated landmark arrays, performance on test trials compared to that of baseline trials was also of interest. Such a comparison served to indicate the source of the directional information used to determine goal location. Specifically, equivalent mean search error on baseline and rotational tests (with and without the presence of the black stripe) would provide evidence that pigeons were controlled by array geometry for orientation and either ignored or failed to encode information about the black stripe. In contrast, differences in performance on baseline and test trials would indicate pigeons' searches were controlled by the black stripe and either ignored or failed to encode the geometric relationship of the landmark array. Performance on rotational tests in the presence (M ϭ 14.75 cm, SEM ϭ 1.89) and absence (M ϭ 14.81 cm, SEM ϭ 1.26) of the black stripe was identical to baseline performance (M ϭ 14.11 cm, SEM ϭ 0.77) and suggests pigeons used (text continues on page 106) relative bearings from the geometric relationship of the landmark array. These results were confirmed by a repeated measures ANOVA on mean search error with Trial Type (Baseline, Stripe Present, Stripe Absent) as a factor which revealed no significant effect, F(2, 34) Ͻ 1, 95% C.I. for the differences were Ϫ4.29 to 4.35, Ϫ3.73 to 3.67, and Ϫ4.26 to 4.13 for Stripe Present versus Baseline, Stripe Absent versus Baseline, and Stripe Present versus Stripe Absent, respectively.
Discussion
Search performance was unaffected by rotational manipulations of the landmark array, as search location was concentrated at the midpoint across all rotations. Search performance was also unaffected by the presence/absence of the black stripe, as search error on all transfer trials was equivalent to that of baseline trials regardless of stripe presence/absence. These results support an interpretation that pigeons learned the geometric relationship between the landmarks and coded location in relative terms; pigeons used the landmark array itself as the source of directional information. As a result, equivalent performance in the presence versus absence of the black stripe is not surprising given that it was not used to determine orientation.
Results from Experiment 3 demonstrate that pigeons relied on the relationship between the landmarks to determine goal direction. Use of the landmark array for determining direction is consistent with comparative research with both gerbils (Meriones unguiculatus) and nutcrackers (Collet, Cartwright, & Smith, 1986; Kamil & Jones, 2000) . Specifically, gerbils' searches were concentrated at the appropriate goal location during 180°rotational tests when trained with multiple orientations of a linear twolandmark array (Collet et al., 1986) , and nutcrackers responded in a similar manner during the 180°rotational tests performed by Kamil and Jones (2000, Experiment 3 ). However, it should be noted that although this relative coding of direction by pigeons is consistent with the performance of these species, both pigeon and gerbil performance is inconsistent with the same nutcrackers' performance on 90°clockwise and 90°counterclockwise rotation tests. On the 90°clockwise and 90°counterclockwise rotation tests, nutcrackers used absolute direction to determine goal direction evidenced by both their failure to continue to search along the hypothetical line connecting the landmarks and their concentrated searches north and south of the appropriate landmarks (Kamil & Jones, 2000, Experiment 3) . Thus, while nutcrackers showed evidence of coding direction both in absolute and relative bearings, pigeons in the present experiment coded direction exclusively by relative bearings. It is important, however, that these species difference could also be due to procedural factors as nutcrackers were not trained with multiple rotations of the array (like gerbils) and did not have previous training in the absence of orienting cues (like the pigeons in the present experiments).
Although results from Experiment 3 suggest that pigeons relied exclusively on relative bearings, absence of evidence for absolute coding in the presence of the black stripe raises questions about what was learned (if anything) about the orientation cue and landmark colors. Specifically, initial training in the absence of an orienting cue with identical landmarks (i.e., Experiment 1) may have prevented pigeons from learning any spatial information about the black stripe or landmark colors once they became available. As a result, pigeons may have simply treated the landmark array as a configuration without learning anything about the black stripe or the individual landmarks composing the array. Experiment 4 was designed to assess this possibility.
Experiment 4
Although Experiment 3 suggested that pigeons used directional information from both landmarks, it is also possible that pigeons did not learn any information about the individual landmark colors and exclusively relied on information from the configuration. Such learning would explain the absence of evidence for the use of absolute bearings during rotational tests in the presence of the black stripe (Experiment 3). However, even if pigeons learned to discriminate the landmark colors, failure to learn spatial information about the black stripe would also result in reliance on relative bearings. Thus, it is unclear whether results of rotational tests were due to preferential use of relative bearings or an inability to use absolute bearings because the relevant information about the landmarks or black stripe was not learned. Specifically, initial training in the absence of orienting cues and identical landmark colors (i.e., Experiment 1) may have prevented pigeons from learning additional information about the black stripe or the distinctness of the landmark colors. To complicate matters further, pigeons may have learned information about the orientation cue but simply ignored this source of information during the rotational tests. Single landmark tests can be conducted to provide further information concerning the nature of distance and direction information extracted from both landmarks.
The purpose of Experiment 4 was to determine whether pigeons encoded information about the black stripe and landmark colors by presenting each landmark from the array individually in both the presence and absence of the black stripe. Such manipulations would reveal if pigeons learned information about the black stripe and landmark colors. Specifically, if pigeons encoded information about the black stripe and were able to use it as a source of directional information and learned about individual landmark colors (and hence, distance and/or direction to the goal location), then searches on single landmark tests in the presence of the black stripe should be more accurate (with respect to both search error and location) than searches in its absence. However, if no information was encoded about the black stripe or the individual landmark colors, search performance should be identical in both the presence and absence of the stripe and deficient with respect to baseline. In addition, poor performance on single-landmark tests could also result not from a failure to encode information about the black stripe or individual landmarks but because pigeons relied exclusively on the array as a configuration. It follows that if pigeons only learned the landmarks as a configuration, performance on all single landmark tests (both in the presence and absence of the black stripe) should be identical and deficient with respect to baseline.
Method Subjects, Apparatus, and Stimuli
The same three pigeons used in Experiments 1-3 served as subjects in Experiment 4. Pigeons were housed and maintained as in the previous experiments. The apparatus and stimuli were the same as used in Experiment 3.
Procedure
Testing. Upon completing Experiment 3, pigeons were immediately tested with two types of single landmarks tests (yellow only and blue only) each presented in both the presence and absence of the black stripe. As a result, there were a total of four unique combinations. Each combination was presented twice during testing for a total of eight single-landmark test trials. Testing consisted of a container-visible warm-up trial prior to the presentation of four food-present training trials, one food-absent training (baseline) trial, and one food-absent test (single-landmark) trial. The trial location of the food-absent trials was quasi-randomly determined within each session. For each test trial, one of the four unique single-landmark combinations was randomly selected without replacement until each single-landmark combination had been presented. An interlandmark distance of 60 cm was used for all trials in which two landmarks were present. For single-landmark tests, the position of the goal location and landmarks were determined as specified in Experiment 2 and then the appropriate landmark was removed from the apparatus for each respective single-landmark test.
Results
Testing
Search location. Searches on test trials in both the EW axis and NS axis were analyzed. Specifically, searches from both axes were analyzed for the single landmark tests because both would be indicative of the source of directional information. Searches in the EW axis were coded into 10-cm bins and defined with respect to whether they were allocated to an area specified as middle (i.e., 0 cm) or other (i.e., Ϯ 10 cm, Ϯ 20 cm, Ϯ 30 cm, Ϯ 40 cm, Ϯ 50 cm) separately for Stripe Present and Stripe Absent trials. In the EW axis in presence of the stripe, pigeons allocated 21% of their responses to the middle location which was significantly more than would be expected by chance, 2 (1, N ϭ 711) ϭ 130.02, p Ͻ .001. In the absence of the stripe, pigeons allocated 11% of their responses to the middle location which was not significantly more than would be expected by chance, 2 (1, N ϭ 701) ϭ 2.47, p Ͼ .1. Figure 12 shows the spatial distribution of searches for each singlelandmark test (i.e., yellow only, blue only) in both the presence (left column) and absence (right column) of the black stripe collapsed across pigeons. Search distributions are centered at the landmark (0, 0), and frequency of searches is indicated by color. Figure 13 shows the frequency of searches in the EW axis for each single-landmark test (i.e., yellow only, blue only) in both the presence (left column) and absence (right column) of the black stripe collapsed across pigeons. Distributions are centered at the midpoint (i.e., 0 cm). Responding was concentrated at the midpoint when the black stripe was present but not when it was absent.
Searches in the NS axis were coded into 10-cm bins and defined with respect to whether they were allocated to an area specified as goal (i.e., Ϯ 30 cm from landmark) or other (i.e., 0 cm, Ϯ 10 cm, Ϯ 20 cm, Ϯ 40 cm, Ϯ 50 cm from landmark) separately for Stripe Present and Stripe Absent trials. In the NS axis in presence of the stripe, pigeons allocated 29% of their responses to the goal location which was significantly more than would be expected by chance, 2 (1, N ϭ 711) ϭ 56.53, p Ͻ .001. In the absence of the stripe, pigeons allocated 16% of their responses to the goal location which was not significantly more than would be expected by chance, 2 (1, N ϭ 701) ϭ 2.85, p Ͼ .09 (refer to spatial distribution of searches in Figure  12 ). Figure 14 shows the frequency of searches in the NS axis for each single-landmark test (i.e., yellow only, blue only) in both the presence (left column) and absence (right column) of the black stripe collapsed across pigeons. Distributions are centered at the landmark (i.e., 0 cm). Responding was concentrated south of the yellow landmark and north of the blue landmark when the black stripe was present but not when it was absent.
Search error. Although pigeons searched in the appropriate locations in the presence but not in the absence of the black stripe, performance on test trials compared to that on baseline trials was also of interest. Specifically, if pigeons encoded information about the landmarks and black stripe but simply ignored this information during the rotational tests of Experiment 3, then performance on single landmark tests would be better when the black stripe was present than when it was absent. However, if pigeons failed to encode information about the black stripe, then performance on single landmark tests would be identical in both its presence and absence. Figure 15 shows mean search error collapsed across birds and landmark type plotted by trial type (i.e., Baseline, Stripe Present, Stripe Absent). Performance on single landmark tests was different from baseline performance and affected by the presence or absence of the black stripe. These results were confirmed by a repeated measures ANOVA on mean search error with Trial Type (Baseline, Stripe Present, Stripe Absent) as a factor which revealed a main effect, F(2, 22) ϭ 15.17, p Ͻ .001, 2 ϭ .58. Fisher's LSD tests revealed that search error on baseline trials was significantly less than search error on both Stripe Present ( p Ͻ .05, 95% C.I. for the difference ϭ Ϫ16.94 to Ϫ2.63) and Stripe Absent ( p Ͻ .001, 95% C.I. for the difference ϭ Ϫ26.29 to Ϫ11.43) trials. Additionally, search error on Stripe Present trials was significantly less than search error on Stripe Absent trials ( p Ͻ .05, 95% C.I. for the difference ϭ Ϫ17.07 to Ϫ1.08).
Discussion
In the presence of a single landmark, mean search error was lower when the black stripe was present than when it was absent, and search location was concentrated in the appropriate direction only when the black stripe was present. These results suggest that pigeons had encoded information about the orienting cue and distance and direction of the goal from both landmarks but ignored these sources of directional information during the rotational tests of Experiment 3. Such results indicate that despite training with identically colored landmarks in Experiment 1, pigeons were able to discriminate the color of the landmarks evidenced by the concentration of searching in the appropriate goal direction in the presence of the black stripe. In other words, learning a landmark array with identically colored landmarks did not prevent the pigeons from later discriminating between the two landmarks once they differed with respect to this attribute. Moreover, mean search error during single landmark tests with the black stripe present was greater than mean search error on baseline trials. This decrement in performance with the removal of one of the landmarks from the array is consistent with results obtained with nutcrackers ) and suggests that pigeons also relied on information from both landmarks for accurate goal localization.
Evidence that pigeons relied on information from both landmarks has implications for the applicability of the multiple-bearings hypothesis to the pigeons' navigational strategies. As both landmarks were used in locating the goal, present results are also consistent with those obtained with pigeons by Sutton (2002) and support her conclusion that pigeons may be capable of using the same or a similar mechanism as nutcrackers that relies on multiple landmark-goal bearings.
Single-landmark tests revealed that pigeons encoded spatial information from both the black stripe and individual landmarks that was not evident in the rotational tests of Experiment 3.
These single-landmarks tests were crucial in illustrating the multiple spatial cues encoded by the pigeons that would have otherwise gone undetected. Such rich coding of spatial information on the part of the pigeon naturally raises questions about competition among these spatial cues. For example, it remains unclear whether control by the landmark array and the black stripe competed for control of search behavior in the rotational tests of Experiment 3. Although a group of pigeons receiving training in opposite order from that experienced by subjects in the present experiments is required to make definitive statements concerning cue competition, it appears that initial learning about the landmark array when composed of identically colored landmarks in the absence of an orienting cue did not interfere with later learning about the black stripe or distinct landmark colors. Seemingly, such a result is inconsistent with Figure 12 . Cumulative spatial distribution of searches for each single landmark test (yellow only, top row; blue only, bottom row) collapsed across pigeons when the stripe was present (left column) and absent (right column). Search distributions are centered at the landmark (0, 0), and frequency of searches is indicated by color. some recent research suggesting that spatial learning can be accounted for by the same mechanisms as that of classical and instrumental conditioning (e.g., Blaisdell & Cook, 2005; Cheng & Spetch, 2001; Chamizo, Aznar-Casanova, & Artigas, 2003; Chamizo, Rodrigo, & Mackintosh, 2006; Jacobs, Laurance, & Thomas, 1997; Rodrigo, Chamizo, McLaren, & Mackintosh, 1997; Sánchez-Moreno, Rodrigo, Chamizo, & Mackintosh, 1999; Sawa, Leising, & Blaisdell, 2005; Spetch, 1995; Sturz, Bodily, & Katz, 2006 ; for a review, see Chamizo, 2003) but is consistent with a view based on the hierarchical organization of spatial information .
General Discussion
In Experiment 1, when the search environment was devoid of global orienting cues and informative geometry pigeons encoded Figure 13 . Frequency of searches in the east-west axis for each single-landmark test (yellow only, top row; blue only, bottom row) when the stripe was present (left column) and absent (right column). Search distributions are collapsed across pigeons and plotted by distance from the midpoint (in cm).
relative distance between discrete visual landmarks. Such a conclusion is indicated by both continued search at the midpoint of expanded and contracted landmark arrays, and equivalence in search error for both baseline and transfer trials. In Experiment 2, when the environment was no longer devoid of a global orienting cue, pigeons continued to use relative distance, but also encoded absolute distance from the landmarks. Such a conclusion for learning of relative distance is indicated by both continued search at the midpoint, and equivalence in search error for baseline and transfer trials in Block 1. Such a conclusion for learning of absolute distance is indicated by shifted search location from the midpoint of expanded and contracted arrays and a difference in search error for baseline compared to transfer trials in Block 2. In Experiment 3, rotational tests revealed that pigeons relied on relative bearings Figure 14 . Frequency of searches in the north-south axis for each single-landmark test (yellow only, top row; blue only, bottom row) when the stripe was present (left column) and absent (right column). Search distributions are collapsed across pigeons and plotted by distance from the landmark (in cm).
from the landmark array, indicated by both continued search location at the midpoint of rotated arrays and equivalence in search error on baseline and rotational trials. In Experiment 4, single landmark tests revealed that pigeons also relied on absolute bearings, indicated by shifted search location in the absence, but continued search at the midpoint in the presence, of the black stripe and differences in search error as a function of the presence or absence of the black stripe.
As transfer performance was equal to baseline performance in Experiment 1, the present results suggests that pigeons learned the relative relationship (halfway) between the landmarks with only a single training example. Such a result is in stark contrast to other studies within and beyond the spatial domain requiring multiple training examples to produce relational learning (e.g., Jones et al., 2002; Kamil & Jones, 1997 , 2000 Katz, Wright, Bodily, 2007) ; however, although this is the first known evidence of single exemplar training resulting in relational learning with discrete visual landmarks, it is not the first time a single exemplar training has resulted in relational learning in the spatial domain. With respect to environmental geometry, both chickens (Tommasi, Vallortigara, & Zanforlin, 1997) and pigeons (Gray et al., 2004; Kelly & Spetch, 2001 ) have been shown to search in the center of expanded, contracted, and novel environmental shapes after training with only a single environmental shape. Kelly and Spetch (2001) suggested that the success of pigeons to demonstrate relative encoding of environmental shape after single exemplar training in their impoverished environment may have been due to the fact that geometric shape was the only source of information available for orientation. In addition, they hypothesized that the failure of pigeons in previous studies (Spetch et al., 1996 (Spetch et al., , 1997 to demonstrate relative encoding of landmark arrays after single exemplar training may be due to the fact that numerous extraneous cues were available that could have been used to determine a directional heading. Furthermore, they suggested that such a stable frame of reference may facilitate absolute encoding. Present results support such a view as pigeons in the present experiments used the landmark array itself to determine orientation when the training environment was devoid of orienting cues.
Presumably, in an environment devoid of orienting cues (as in Experiment 1), pigeons would not need to learn to ignore irrelevant sources of direction or distance information. Not surprisingly, Kamil and Jones (2000) commented on the importance of ignoring irrelevant information with respect to the performance of their nutcrackers in the middle-rule search task, "What may be most impressive is not what stimuli come to control the animal's search behavior, but rather how many aspects of the situation the animal learns to ignore" (p. 452). Such a hypothesis is at least consistent with that suggested by Kelly and Spetch (2001) and Gray and Spetch (2006) in that access to external cues may play a prominent role in how spatial information is coded. Certainly, an inability to ignore irrelevant cues would explain previous studies of landmarkbased navigation, in which pigeons almost exclusively coded location with respect to absolute distance and direction (for a review, see Cheng et al., 2006) .
In summary, the results of the present experiments show that pigeons are capable of using multiple landmarks to locate a goal by encoding relative distance and direction from discrete visual landmarks when trained and tested in an environment devoid of orienting cues after single exemplar training. In such a disorienting environment, increases or decreases of the interlandmark distances resulted in continued search by pigeons at the midpoint of the array. Although changes to the apparatus and procedure from Experiment 1 to Experiment 2 make it difficult to determine which specific variable(s) was (were) the most critical, these changes certainly specify a select few for future research. However, when the environment was no longer devoid of orienting cues, pigeons relied on absolute distance from the landmarks. This absolute encoding did not prevent pigeons from using relative bearings from the landmark array during rotational tests. Yet, orientation by the array did not prevent pigeons from learning elemental information about each individual landmark which was revealed during single landmark tests.
It should be noted that experience has been shown to be a critical factor in the reliance and weighting of spatial cues (Brown, Spetch, & Hurd, 2007; Gray, Bloomfield, Ferrey, Spetch, & Sturdy, 2005; Kelly, Spetch, & Heth, 1998) . For example, Kelly et al. and Gray et al. have shown that training and rearing environment, respectively, influence reliance on geometric and nongeometric cues in aves. Such results have important implications for the present findings as the same pigeons served as subjects in all four experiments. Future research should explore the role of experiential factors with respect to the weighting of spatial cues in pigeons in an attempt to dissociate experiential and environmental influences on spatial coding strategies.
Nonetheless, the current results offer evidence for greater flexibility in pigeons' navigational strategies than revealed by previous research, as they were shown to code location from multiple landmarks using both absolute and relative distances and directions. These results offer further support for the conclusions that distance and direction are coded independently (Cheng, 1994) and that spatial coding is based on metric relations (Gallistel, 1990) . Furthermore, an ability to code location from multiple landmarks using both absolute and relative direction suggests that pigeons are capable of coding location in a manner consistent with that proposed by the multiple-bearing hypothesis , as suggested previously by Sutton (2002) .
Such conclusions have important implications for investigating and accounting for the search strategies of pigeons. Specifically, if pigeons search by a mechanism that codes multiple landmark-togoal bearings, the area of locational uncertainty defined by the intersection of multiple bearings may play a prominent role in the pigeon's process of determining search location. For example, in the present study, coding location only in absolute bearings would result in two separate (and equally probable) potential areas for the goal location during the rotational tests of Experiment 3. Presumably, it is quite costly (in terms of both time allocation and physical exertion) to search at multiple locations during times of uncertainty. Perhaps more problematic, such uncertainty would increase exponentially with the introduction of additional landmarks. Any mechanism that could reduce this uncertainty would seem to serve an extremely adaptive advantage. Specifically, if location is coded as the intersection of multiple landmark-goal bearings (as suggested by the multiple-bearings hypothesis), then search effort during rotational tests (or perhaps in approaching a known array from a novel orientation) will be substantially reduced as the number of possible goal locations is drastically reduced (see Cheng, Shettleworth, Huttenlocher, & Rieser, 2007 for detailed discussion of this issue).
In conclusion, the present results add to a growing body of literature suggesting flexibility in the spatial coding strategies of pigeons. This important evidence of such flexibility has emerged due to recent efforts to explicitly manipulate procedural factors (e.g., Gray & Spetch, 2006; Gray et al., 2004; Kelly & Spetch, 2001; Sutton, 2002; Sutton & Shettleworth, 2005) . Such a research approach should aid in identifying necessary and sufficient conditions to determine how spatial information is coded. Ultimately, this approach should continue to advance an understanding of the mechanisms underlying these navigation strategies in pigeons and illuminate their similarities and differences to those used by other mobile organisms.
